Abstract: Climatic conditions of temperature, light (quantity and quality) humidity and rainfall have major impacts on vine performance, crop yield and berry quality when vines are exposed to extremes in these various climate parameters. A major climatic contrast between Eastern Australian and inland central vineyards is the day temperatures are significantly higher at the inland vineyards (35-€"42-°C) whereas relative humidities are higher at the eastern vineyards (30 cf. 80% RH). This difference in climate causes a high predisposition of grapes to non-Botrytis bunch rots, most notably bitter rot (Greeneria uvicola) and ripe rot (Colletotrichum acutatum), in the wetter eastern sites and little to no infection on vines in the inland vineyards. By contrast, high light exposures, coupled with extremely hot (&gt;35-°C) temperatures at inland vineyards cause severe skin damage in the form of sunburn. Sunburn damage does, however, increase the incidence of Botrytis latent infections in grapes. In both cases bunch rots and skin damage causes a loss of berry quality and has severe impacts on wine quality. Management practices include maintaining open canopies for Botrytis control; however, this has the downside of increasing non-Botrytis bunch rot infections. A greater effect of this practice on west compared to east-facing rows suggests combinations of sunburn and/or heat stress or even higher UV-B (280-€"320 nm) may explain the exacerbation in non-Botrytis bunch rot incidence. While exposure to UV-C (&lt;280 nm) elicits formation antifungal metabolites in vine tissues, this effect is not seen with UV-B which may in fact encourage bunch rots. Future climate changes that lead to increased wetness in the inland wine grape regions of Australia will be detrimental in bringing higher incidences of bunch rots and reducing the competitive advantage in grape growing that these regions currently enjoy. 
INTRODUCTION
Grapevines (Vitis vinifera L.) grown commercially for grape and wine production are typically cultivated between 50º N and 45º S latitudes in temperate regions of the globe. Grapevines grow well between 17 to 33 ºC but outside of these extremes there is a reduction in berry quality and vine productivity (Jackson & Lombard, 1993) . At the upper end of this temperature range, malic acid degradation in developing berries is more rapid than at cooler temperatures. Furthermore, at temperatures above 26 ºC, pigment production is not only diminished, but anthocyanins already accumulated start to degrade. A temperature range of 17 -26 ºC has been described as optimum for anthocyanin production in vines (Pirie, 1977) . On the other hand, for vines grown in cooler areas, shorter growing seasons limit sugar accumulation and the ripening period. Consequently earlier maturing varieties such as Pinot Noir and Chardonnay are required to be cultivated. Conversely, later maturing varieties such as Cabernet Sauvignon are grown in the warmer regions of the globe where a long growing season is available to the vines. Climatic indices are thus of paramount importance in vineyard establishment, crop yield and determination of grape end use (Gladstones, 1992) .
High summer temperatures (> 35 o C) can lead to desiccated foliage and loss of photosynthetic activity in vines, reduced sugar accumulation and a higher incidence of sunburn in berries. Reduced sugar accumulation has severe impacts on berry quality and yield because delayed harvests are required to ripen the berries. Furthermore, poor grape quality impacts directly on wine composition and quality. Both temperature and light availability jointly interact to influence anthocyanin and quercetin levels (Haselgrove et al., 2000) . A combination of high temperatures and visible light exposures causes external skin damage in the form of sunburn notably in white grapes (Greer et al., 2003) . This can reduce crop yields by as much as 25% and can have marked impacts on wine composition and quality. Thus both high temperatures and high-light stresses can have severe impacts on vine performance and berry quality.
Limiting light conditions during inflorescence initiation reduces bud fertility and may induce bunch stem necrosis (Koblet et al., 1996) . Light quantity and also light quality (i.e. wavelength) intercepted by vines impacts on vine and bunch growth. For instance, current predictions of climate change indicate an increase in the amount of UV B (280 -320nm) radiation reaching the surface of the earth as a result of ozone depletion from the stratosphere (Polle 1997; Schultz, 2000) . This is likely to have an impact on vine growth and primary metabolism (Schultz et al., 1998) .
In many areas of the globe, the availability of water can also be a major climatic limitation to vine and berry growth (Deloire et al., 2004; Jackson and Lombard, 1993) . For example, if water-limiting conditions occur prior to flowering then immature clusters can abscise but leaves will also abscise to reduce the canopy area and thus reduce water demand. Reduced crop yields thus result from reduced soil moisture availability early in the growing season. On the other hand, drought conditions after veraison will also lead to lower crop yield and poor berry quality through higher incidences of berry shrivel and early leaf fall. This has longer lasting consequences for vine performance and yield because replenishment of vine reserves is impaired by the early leaf loss, leading to lower yield in subsequent seasons (Smith and Holzapfel, 2003) .
By contrast, excessive rainfall or irrigation can initially lead to an increase in vegetative growth, particularly in the formation of summer laterals. Water-logged conditions lead to root function becoming impaired and early senescence / leaf fall. Excessive rainfall after veraison can also lead to berry splitting, which encourages the growth of bunch rotting fungi. Aside from a loss of crop yield, bunch rot fungi also produce the enzyme laccase which becomes a problem in production of red wine and results in a reduction in the colour of the wine (Donèche, 1992) . A further consequence of bunch rot fungi is that berry sugars (glucose and fructose) can also be converted to glycerol and high molecular weight glucans can be formed. These glucans can then cause problems in wine filtration and thus incur additional costs to the winery. Fungal growth will also impart musty, mouldy characters on the wine.
Although traditionally associated with grey mould (Botrytis cinerea), in some regions of Australia we have seen an increase in the incidence of bunch rots caused by fungi other than B. cinerea that are associated with more sub-tropical climates (CastilloPando et al., 1999) . Of particular note is the high incidence of bitter rot (Greeneria uvicola) and ripe rot (Colletotrichum acutatum). These non-Botrytis bunch rotting fungi produce a range of off-flavours in wine that are distinct from those caused by B. cinerea.
The climatic factors discussed above collectively impact on vine performance and bunch composition, however, it is sometimes difficult to predict the impact of climate on grape quality and wine composition. This paper will review how some aspects of the seasonal climatic changes interact with one aspect of grape quality, that of bunch rot diseases. The emphasis will be on those diseases of the grape bunch that are caused by fungi associated with sub-tropical environments in relation to the temperature, high light and humidity environments that occur during the growing season. Finally some broad conclusions will be made regarding future climate change predictions with respect to viticulture.
MATERIALS AND METHODS Vineyard locations and climatic data
These studies were carried out at vineyards in the eastern seaboard of Australia (Wauchope, Hastings Valley; Pokolbin and Muswellbrook, Hunter Valley) and at an inland vineyard (Charles Sturt University Vineyard, Wagga Wagga). Both areas in the eastern Australian region have a history of non-Botrytis bunch rots whereas at in the inland site, these bunch rots are uncommon.
Relative humidity and day and night temperatures were continuously recorded at a Cabernet Sauvignon vineyard trained to a Geneva Double Curtain canopy in the Hastings River region. Five data loggers (Hoboware, Onset Computer Corp., Bourne, MA, USA) were located at random throughout the vineyard. The air temperature sensors were shielded using a section of white plastic tube. Vines were scored for bunch rot incidence and severity as described below. Additional data for other sites were derived from the Bureau of Meteorology web site (Bureau of Meteorology, 2005) or from the Commonwealth Scientific and Industrial Research Organisation (CSIRO).
Bunch rot incidence
The vineyards described above, plus vineyards in five other regions of Australia were surveyed in the 2002/3 growing season for bitter rot and ripe rot. Growers submitted mature grape bunches at harvest for bunch rot analysis. Bunches were moist incubated in plastic bags and resulting mycelium transferred to plates of potato dextrose agar (PDA). Cultures were identified on the basis of morphological characters as previously described (Melksham et al., 2002; Ridings and Clayton, 1970) . Presence or absence of bitter rot and ripe rot was correlated with climatic data over the growing season.
A Shiraz vineyard trained using vertical shoot positioning and consisting of vines growing in a north-south row orientation in the Hunter Valley was used in February 2005 to determine the incidence and severity of non-Botrytis bunch rots in east and west facing canopies. Berries were scored for bunch rot incidence (i.e. presence or absence) and severity using a 0 -4 scale where a score of 0 equated to a bunch showing no visible signs of bunch rot and scores of 1, 2, 3, and 4 are respectively equivalent with 1.5, 14, 37 and 75% of the berries in a given bunch showing infection (Emmett, 2003) . Twenty bunches of fruit were scored every 25 vines along a row and this was repeated five times to give a score for 100 bunches and results expressed as a mean. Bunches were scored immediately prior to harvest. Data were subjected to analysis of variance (ANOVA) using the CoStat statistical package (CoHort Software, Monterey, CA, USA). The Least Significant Difference (LSD) test was used for comparison of means of disease score at P = 0.05.
Sunburn measurements and latent Botrytis infections
Sunburn measurements were conducted on Chardonnay grape berries collected from the Charles Sturt University vineyard. Own-rooted vines were 7 years old and from clone DVF1V3. Daily air temperatures over the growing season were measured at a CSIRO Land and Water site nearby were used for the study. Grapes were sampled from the vineyard just prior to harvest and sorted into six categories of sunburn, ranging from 0 for no symptoms to 5 for severe symptoms. The symptoms included the size of the lesion and depth of browning. Thus, slight sunburn (category 1-2) was assessed as lesions up to 5 mm diameter and light brown; moderate sunburn (category 3) assessed as lesions up to 6 mm diameter and mid-intensity brown and severe sunburn (category 4-5) was determined as lesions 6 mm diameter and dark brown in colour. The grapes were then surface sterilised, placed in a 24-well covered microplate (Iwaki Glass, Japan) and incubated at 25 o C and 100% relative humidity for 8 days. The berries were then scored visually for absence or presence of bunch rot pathogens. Data were analysed using a general linear model and least squares means and standard errors determined using SAS (SAS Institute Inc., Cary, NC, USA).
Stimulation of antifungal metabolites production by vine tissues in response to UV C
Grapevine leaves (first fully expanded leaf on a shoot) were collected from Chardonnay and Cabernet sauvignon vines grown at the Charles Sturt University vineyard. Leaves were exposed to short wavelength UV light (254 nm, 0.35mW/cm 2 , 10 mins), using a Camag TLC viewing box. Following elicitation, material was incubated in the dark at 25 o C (RH ~ 100%) and then extracted using 80% (v/v) aqueous methanol (5 mL .g -1 ). This extract was partitioned into three equal volumes of ethyl acetate. The ethyl acetate extracts were taken to dryness by rotary evaporation and the residue dissolved in acetone (500μL). The acetone extract was applied to a silica gel TLC plate (0.25mm thickness) and the plates developed in dichloromethane : methanol (4:1 v/v). After evaporation of the solvent, the TLC plate was sprayed with a spore suspension of Cladosporium cuccumerinum in czapek dox liquid medium (Oxoid) and the plate incubated for three days (25 o C, RH ~ 100%) (Homans and Fuchs, 1970) .
RESULTS AND DISCUSSION Comparison of climates between the two regions
Air temperatures at the eastern site (Hastings Valley) over the growing season typically ranged between about 22 and 30 o C during the day and 15 to 22 o C during the night (Fig. 1) . By comparison, temperatures at the inland site (Wagga Wagga) over the growing season were typically between 28 and 40 o C during the day (Fig. 2) but between 8 and 20 o C during the night. Thus, the eastern sites were characterised by relatively cool days and warm nights and the inland site by high day temperatures and low night temperatures.
The relative humidity during the day at the eastern site (Fig. 3) averaged about 60% across the growing season although did range between 40 and 90%. However, this site was most characterised by the uniformly high night time humidities which ranged between 80 and 90%. Although not measured, relative humidities at the inland vineyard in mid afternoon average 30% (Rogiers et al. 2005) . Thus the eastern vineyards are characterised by relative moist atmospheres and the inland vineyards by dry atmospheric conditions
Bunch rot incidence and climate
Both bitter rot and ripe rot were frequently recovered from grape samples in 2002/3 from regions of Australia with relatively high rainfall in the January to March period (Table 1) , corresponding to vintage in the Southern Hemisphere. Similar results have also been obtained for subsequent years (data not shown).
The Hastings River region is a particularly high disease pressure area, consistent with the warm day temperatures and high relative humidities ( Fig. 1 and Fig. 2 ). G. uvicola was first observed in the 2005 season in early February while C. acutatum became apparent in March. Of particular note was the virtual absence of grey mould from these vineyards, indicating that vineyard management practices are largely successful for Botrytis. The high occurrence of bitter rot and ripe rot at these sites, is however, of concern to grape growers. Both disease frequently occur concurrently and have been reported from sub-tropical grape growing regions of the globe such as India (Reddy and Reddy, 1983; Ullassa and Rawal, 1986) , Japan (Yamamoto et al. 1999) , Taiwan (Wu and Chang 1993) , and the south of the USA (Kummuang et al., 1996) . While a range of fungicides are available in countries other than Australia, spray recommendations involve chemical sprays leading up to harvest (Cline and Sorensen, 2005; Fukaya and Takahahi, 1999 ) and this is not practically possible for growers of wine grapes in Australia because of restrictions on chemicals imposed by maximum residue limits (MRL) set by destination export countries (Bell and Daniel, 2005) . Further work in progress is involved with determining the optimum integrated pest management (IPM) techniques for bitter rot and ripe rot control on wine-grapes.
Management of B. cinerea within a vineyard is achieved through an integrated approach, combining both chemical control and cultural practice (English et al., 1993) . The incidence of Botrytis in a vineyard can be minimised through canopy management practices that allow a greater aeration of the fruit zone (Gubler et al., 1987) . This practice modifies the microclimate of the fruiting zone, allowing bunches to dry more readily after moist periods. However, grower observations indicated that open canopies may, in fact, have a higher incidence of non-Botrytis bunch rots (Castillo-Pando et al., 1999) . Currently no fungicides are registered in Australia for the management of non-Botrytis bunch rots, therefore growers need to rely on non-chemical control options.
We, therefore, investigated the impact of row orientation on disease occurrence. The incidence and severity of non-Botrytis bunch rots was greatest in the west facing side of the canopy (Table 2) , which is also likely to have higher levels of sunburn, light exposure and higher mean daily temperatures. A combination of sunburn and other heat stress events may have explained this heightened bunch rot susceptibility. This finding has practical implications for growers in regions prone to non-Botrytis bunch rots. A solution for bunch rot management in these regions may be to position shoots such that western facing canopies are not over exposed to high temperatures and high light exposures. However, more specific data is required to test this hypothesis.
Sunburn and disease incidence
The incidence of sunburn in Chardonnay grape berries grown at the dry, hot inland vineyard was highly correlated with the degree of latent B. cinerea infection (Fig.  4) . Bitter rot and ripe rot fungi were not recovered from these fruit, consistent with the observation that these two diseases are only associated with vineyards in regions with higher summer rainfall. The importance of sunburn in bunch rot fungi that are associated with sub-tropical environments still needs to be determined. Nevertheless, these results do suggest sunburn could predispose berries to bunch rot pathogens. This is likely to be magnified in areas prone to high rainfall during vintage.
UV exposure
Sun-exposed fruit will be exposed not just to higher temperatures and high visible light exposures but also to greater levels of UV light. A number of studies have been conducted on the physiological response of vine tissues to UV light. UV C (< 280nm) is known to stimulate a range of stilbene compounds in vine tissues such as resveratrol and the viniferins (Langcake and Pryce, 1977) . A typical experiment is shown in Fig. 5 where vine extracts from ambient and UV C-exposed leaves have been analysed using a TLC bioassay. Subsequent HPLC analysis confirmed the identities of these antimicrobial substances as stilbenes . However, it should be noted that UV C is of weak energy and is filtered out in the upper layers of the atmosphere.
Of greater potential significance is the impact of UV B (280 -320nm) on vine function, which in contrast to UV-C, does not appear to stimulate stilbene formation in vine tissues. Many studies have examined vines grown under ambient light where UV B has been filtered out (Keller et al., 2003; Schultz 2000) . From these studies, it has been concluded that future increases in UV B reaching vineyards may increase the level of carotenoids in vine tissues, potential precursors to β-damasconone, vitispirane and other C13 -norisoprenpoid compounds associated with grape and wine quality . On the one hand, this has potential benefits in terms of grape and wine quality and composition, however, studies using irradiated vine callus cultures indicated that enhanced levels of UV B may lead to a greater susceptibility of vines to Botrytis attack (Steel and Greer, 2005) , confirming earlier observations conducted using field grown vines screened with various filters to eliminate UV B light (Steel, 2001) .
Climate Change
As with all fungal diseases of plants, pathogen occurrence and infection is largely driven by climatic and other environmental factors. Consequently any future climate changes are likely to result in an altered distribution and severity of plant diseases in general (Coakley et al., 1999) . In Australia, it is predicted that viticulture areas such as the Riverina that currently experience relatively dry summers will become wetter and have increased cloud cover. This is likely to lead to these areas becoming more prone to bunch rot attack (Barlow, 2000) . This has implications for the planning of commercially sustainable vineyards of the future. Gladstones (1992) largely concludes that viticulture in the 21st century can be planned on the viticulture and winemaking experiences of the 20th century with some expansion into areas that are currently unsuitable. Similarly Kenny and Harrison (1992) predicted a possible expansion of grape production in Europe, both northwards and eastwards, allowing grapes to be grown in areas such as Ireland, Denmark and parts of the former USSR.
It is difficult however to make region specific predictions. There is now evidence that depletion of ozone from the stratosphere is slowing, so earlier prediction of increased incident UV B may have been over estimated (Solomon, 2004) . Depending upon various potential scenarios and agricultural regions, carbon dioxide levels may be double or more the current levels by 2100 and mean temperatures are estimated to increase by 0.5 -2.5 ºC (Chakraborty, 2005) . This is likely to lead to more vigorous plant growth, with shading implications in fruit production. Coupled with predictions that suggest dry-inland areas of Australia are likely to experience wetter conditions during the growing season (Barlow, 2000) , this has major implications for bunch rot disease management. 
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